ABSTRACT With a wide scope for exploration and research, underwater wireless sensor network (UWSN) is a fast growing research area in current scenario. UWSNs need energy efficient designing approach, because underwater sensor nodes are battery driven. Also the deployed batteries cannot be easily recharged by nonconventional energy resources, like solar energies. Clustering is an effective technique to design an energy efficient UWSNs. Due to the sparse deployment of nodes and dynamic nature of the channel, the clustering characteristics of UWSNs are different from those of terrestrial wireless sensor networks. In this paper, we focused on optimal clustering for UWSNs which are compliant with any one of the acoustic, free space optical (FSO) and electromagnetic (EM) wave-based communication techniques. Besides, we proposed an energy dissipation model of sensor node for FSO and EM wave-based communication and compared with the contemporary energy dissipation model for acoustic-based communication. In particular, the suitability of the above three techniques for underwater communication is investigated and their performance is compared on the basis of energy consumption and optimal clustering.
INDEX TERMS Acoustic wave, optical wave, electromagnetic wave, Gaussian distribution, clustering, cluster size optimization, energy efficiency and underwater wireless sensor networks (UWSNs). Underwater wireless sensor networks (UWSNs) are envisioned to enable applications for a wide variety of purposes such as tsunami warnings, offshore exploration, tactical surveillance, monitoring of oil and gas spills, assisted navigation, pollution monitoring, and for many commercial purposes. To make those applications viable, there is a need to enable communications among underwater devices. The major challenges associated with underwater applications are as follows: (i) A high propagation delay which is about five orders of magnitude higher than that in the terrestrial environment.
LIST OF ACRONYMS

BS
(ii) The channel is dynamic in nature, especially because of multi-path fading problem.
(iii) Owing to dynamic channel characteristics, high bit error rates and temporary losses of connectivity can be experienced. (iv) Battery power is limited and usually it is non-rechargeable, solar energy also cannot be exploited.
(v) Underwater sensors are prone to failure because of pollution and corrosion [1] , [2] . An underwater acoustic, free space optical and EM sensor networks (UW-ASN, UW-FSOSN, UW-EMSN) can be conceived of as an adhoc network consisting of sensor nodes connected by an acoustic, optical and EM medium to perform distributed sensing tasks. Owing to the saline nature of the water medium, the high frequency EM waves are affected by severe attenuation. So, these high frequency waves are not suitable for underwater environments. On the other hand, low-frequency waves ranging from 30-300 Hz can propagate over long spaces in such a dynamically changing environment. However, for transmission of such low frequency signals, a large sized antenna with high transmission ability is needed, which is impractical. In contrast, although optical waves do not suffer from the problem of attenuation, they need a high precision pointing beams which generally are affected by scattering. On the other hand, for underwater medium; acoustic waves are less lossy and support long range signal transmission. Thus, acoustic signals are majorly employed in underwater communication. However, underwater acoustic waves are also limited by multipath and fading losses, Doppler effects, high propagation delay, and low available bandwidth [3] , [4] . The Table 1 lists the advantages and disadvantages of all communication techniques in an underwater environment. It is well known that low energy adaptive clustering hierarchy (LEACH) is a terrestrial clustering protocol. In this protocol, in order to evenly distribute energy load, all the nodes are given the role of being a cluster head (CH). The CH is chosen based on random probabilities, variation of node residual energies with time. Let us consider using LEACH protocol in a big network. In the course of transmitting data to the BS, sometimes a farthest node becomes a CH. Then that CH has to drain a lot of energy because of large distance to BS. Owing to this, the lifetime of nodes significantly decreases. Therefore LEACH is not suitable for large scale networks and is limited to small scale networks [5] - [7] . From the above mentioned literature, it can be understood that clustering can be possible in small scale networks. By using clustering in small scale networks, energy can be further conserved. Especially, clustering becomes useful in energy hungry underwater wireless sensor networks.
In our work, we have used distance based segmentation (DBS) clustering protocol which is a variant of LEACH protocol. we assumed the availability of underwater EM as well as FSO nodes in simulation. These nodes have small transmission range. So, even for a small area, we require to deploy many sensor nodes. So, it gives rise to a smallscale dense network. In a dense network, clustering topology is the best way to optimize the energy consumption. Thus, in order to achieve energy efficiency, it is necessary to apply clustering technique in underwater scenarios even with EM and FSO communication based sensor nodes.
In order to deal with the limited supply of energy, the technique of clustering is generally incorporated. The fundamental concept of clustering is to partition the sensing area into many small segments which are mostly nonoverlapping in nature. In every cluster, there is one cluster head (CH) and many cluster members (non-CHs) [8] . The CH fuses the received information bits into a single lump of data and transfers it to base station (BS). By means of clustering, the transmission distance can be minimized by the communication of short distant CHs, and the energy dissipation is minimized by removal of redundant transmissions. To enhance the performance of clustering scheme, a proper topology of intra and inter-cluster communication needs to be chosen either as single-hop or multi-hop. This choice depends not merely on the cluster size, but also on the distance between CH and BS. In addition to that, in UWSNs, the overall energy performance is affected also by the optimal number of clusters.
In this paper, we assumed a random Gaussian distribution for deployment of nodes; due to following reasons: It is the most common distribution used for system modelling in networking. Any analytical model developed for uniform and random distribution can be applied to Gaussian distribution under some special constraints [9] . Especially in underwater applications, where sensor nodes easily move out of desired sensing areas due to tide, wind, human and animal intervention.
A. MOTIVATION
To improve the network longevity, a weighted probability based energy efficient heterogeneous clustering scheme is introduced by Kumar et al. [10] . Herein, by taking advantage of node heterogeneity, achieves a higher network lifetime which outperforms LEACH protocol. However, the effect of more than two levels of hierarchy needs to be evaluated. An energy effective cluster head selection algorithm based on particle swarm optimization was introduced by Rao et al. [11] , which considers BS distance, in-cluster distance and residual energy of nodes for finding the energy efficiency of algorithm. This technique performs better than the existing ones, especially in terms of number of packets received by the BS. The robustness of the algorithm, however needs to be verified with the heterogeneous nature of nodes.
Addressing the energy limitations in the underwater environment Tran and Oh [12] , proposed a new clustering scheme for UWSNs based on data aggregation with a similarity function that can be used to reduce data redundancy. This outperforms the protocols without data aggregation. A distributed clustering scheme was proposed by Domingo and Prior [13] which especially suits long-term non-time critical marine monitoring applications. This protocol shows a consistent packet delivery ratio and throughput. However, it can be further improved by incorporating the formation of adaptive clusters by understanding the interrelation between energy consumption and overhead cost.
Förster et al. [14] through an experimental analysis quantified the optimal cluster size and showed how an optimal cluster should look like. But, this algorithm needs to focus on optimizing and evenly distributing the overhead among all the nodes. Zhang et al. [15] proposed an energy efficient algorithm which has energy-harvesting (EH) nodes, which simply take part in relaying the data from CH to the BS. With this new architecture, the overall network lifetime is prolonged. It is shown that the optimal number of clusters are not affected by the presence of these EH nodes. Ahmed et al. [16] introduced a Markov Chain modelbased optimal cluster heads (MOCHs) selection for WSNs, by which the uneven energy distribution is mitigated by a control mechanism wherein, the BS controls the number of CHs while the CHs control the cluster members. This protocol tackles the problem of backward transmission and provides stable clustering. This protocol can further be improved by incorporating energy harvesting schemes. Amini et al. [17] provided a mathematical framework to determine the optimal cluster size considering EM wave and applied it to a generalized LEACH protocol. In [18] , Kumar et al. by considering a Gaussian node distribution in a square sensing field with the BS at the centre of sensing field, developed a closed form expression of optimal number of clusters for TWSNs. Kumar et al. [19] incorporated a Tunable elfes sensing model and studied its impact on network coverage and provided an expression for optimal number of clusters for the same. All of the above optimal clustering models are developed for terrestrial WSNs with EM wave as the means of communication. Goyal et al. [20] introduced an intra and inter cluster communication technique, which is a fuzzy based cluster head and cluster size selection technique. Also, it uses different means for intra and inter cluster communication. This technique is a generic method of finding optimal clusters and it is more energy efficient even in a densely deployed network. Choi and Lee [21] proposed an energy model to find the energy dissipated in a probabilistic cluster-head selection method. Using this model, the optimal number of cluster is determined. The energy analysis is done with an assumption that the sensing field is in disc shape, however, the model needs to be further improved for a realistic sensing field as well.
Zhang et al. [22] developed a parallel processing underwater clustering technique which optimises the number of clusters by using particle swarm optimization. By considering residual energy, cluster head load and cluster range, this algorithm reasonably balances the load and enhances network longevity with less complexity. Zhao and Liang [23] for the first time proposed an energy model of acoustic wave propagation for UWSNs. Further, authers found the minimum required cluster size by considering the BS to be at the centre of sensing field. De Souza et al [24] studies the effect of joint optimization of the number of hops, retransmissions, code rate and signal to noise ratio. It provides a limit for an optimum number of multi-hops and re-transmissions.
In our work, in contrast to the above literature, we considered the acoustic, EM and FSO based underwater communication techniques. Also, we proposed an energy dissipation model for sensor node based on EM and FSO wave communication in underwater scenario. Besides, we placed the BS at the three different positions viz., at the center of sensing field, at the corner of sensing field and at the lateral midpoint of sensing field. Also for these positions, we analytically calculated the closed form expression for optimal number of clusters for all the above three underwater communication techniques.
B. CONTRIBUTIONS
The main contributions of our work are enumerated herein.
• Development of the energy dissipation model of sensor node for EM and optical wave communication in underwater environment.
• Derivation of analytical expressions of optimal number of clusters for UW-EMSN, UW-FSOSN and UW-ASN.
• Development of Gaussian distributed UWSNs in which the BS follows a classical sensing model along with consideration of boundary effects.
• Comparison of the UW-EMSN, UW-FSOSN and UW-ASN based on the optimal number of clusters and energy consumption for different positions of BS (center, corner and lateral midpoint of the square sensing field).
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The following sections of this paper are organized as follows: In Section II, network model is described along with an informative background. Section III presents the proposed method along with an energy consumption model of sensor nodes. It also explains the analytical model of optimized cluster size for Gaussian distributed UWSNs. Section IV covers the results and analysis. Finally, Section V concludes the paper along with future scope.
II. PRELIMINARIES AND DEFINITION
In UWSNs, sensor nodes are grouped into non overlapping subset called cluster in order to attain perfect data aggregation and high scalability [12] . In clustering process, CHs are selected on the basis of these parameters: residual energy, heterogeneity, dynamics of node deployment etc. Fig. 1 shows the detection of submarine by using clustering in UWSNs. In this figure, many acoustic sensor nodes are distributed over underwater seabed which detect the movement of underwater submarine. These nodes communicate with their CHs through acoustic signals. Further, CHs send all the received signals to the BS. Finally, the BS sends the signal to man-controlled computer via satellite communication. In the place of acoustic signals, FSO and EM signals also can be used. But these communication techniques have their own pros and cons in underwater medium. The following assumptions are made in this work: 1) All sensor nodes are considered as stationary and identical after deployment. Each node is assigned a unique ID.
2) The nodes have the power control ability and all are time synchronized. 3) Nodes are always in active state. 4) Nodes do not have global positioning system (GPS) and therefore, they are not location-aware. On the basis of received signal strength (RSS) from the BS, they can approximate their distance from the BS.
A. DATA AGGREGATION
In clustering, the CHs are liable for aggregating data signals of their non-CHs and produce a complete single signal.
B. SENSING COVERAGE
Sensing coverage is defined as the ratio of the actual network coverage area to the desired area of coverage and it lies between 0 and 1. The sensing coverage depends on the density of the deployed sensor nodes. For a densely deployed sensor network the sensing coverage will be 100% for some initial time and based on the number of alive nodes its value eventually changes [25] .
C. OPTIMAL CLUSTERING
Optimal clustering plays a key role in achieving energy efficiency of a sensor network. Having a more number of clusters while keeping equal processing load on each CH, will increase the overall communication overhead. As a result, the overall energy consumption gets increased. In contrast, if the number of cluster is less, then it will result in a large size of each cluster. In a large sized cluster, the farther nodes need more energy to transmit data to its respective CH. Therefore, cluster size cannot be too big or too small, an optimal cluster size needs to be chosen. Eventually, there will be an optimal number of clusters. Forming optimal number of clusters improves network lifetime, energy efficiency, and scalability.
D. DECENTRALIZED CLUSTER-BASED ALGORITHM
In Distance based segmentation (DBS) clustering, the nodes self-organize themselves into a number of clusters in a decentralized way. DBS protocol provides a parallel version of LEACH algorithm to eliminate the energy imbalance that LEACH usually incurs. DBS modifies the cluster selection policies by giving more consideration to sensing coverage and the distance between the node and the BS. Decentralized cluster-based protocols split the network schedule into multiple rounds of fixed duration. As shown in Fig. 2 , each round comprises a set-up phase, and a steadystate phase which has a number of time frames. During set-up phase, some sensor nodes elect themselves as cluster heads by using a distributed algorithm performed in each node. Later, the selected nodes state their election as cluster head to the other remaining nodes in the network. Then, the rest of the nodes organize themselves into local clusters by electing the most suitable CH (normally the closest CH). In the steadystate phase, within each frame, a non-CH node sends the sensed data to its CH (using TDMA), and in turn CH transfers the data to the BS.
In DBS protocol [26] , the central idea is that, the nodes that are closer to the BS become a CH more often than the nodes which are farther to the BS. This is to avoid the occurrence of great difference between the energy levels of a near node and a far node. This technique enhances the energy efficiency of system as well as the network sensing coverage. To this end, in DBS, the total sensing area is divided into a finite number of identical segments. It can be easily understood that in each round of DBS, the cluster count is same as that in LEACH, and the CH probabilities of nodes are distributed as (p ± δp, p ± 2δp . . . ) equal to that for LEACH. The optimal percentage of cluster head nodes (p) is equal to the ratio of the optimal number of clusters (K opt ) to the total number of sensor nodes in the network (N ), i.e., p = K opt /N . If δp is set to, then DBS becomes LEACH protocol, and therefore DBS can be considered as a special case of LEACH.
E. DEPLOYMENT OF NODES
In Gaussian distribution, the probability density function (PDF) for a sensor node residing at the point (x, y) with respect to deployment point (x 0 , y 0 ) is given as follws [27] 
where σ x and σ y are the standard deviations of x and y coordinate. For one dimensional Gaussian distribution, the PDF can be defined as follows:
where a is the mean distance and σ y represents standard deviation.
From the literature, we can infer that the existing underwater communication is viable with acoustic communication technology. The range of an acoustic modem is up to 10 Km. Due to this large communication range the under acoustic nodes are generally sparsely dispersed inside water. This kind of node deployment is used in applications like habitat monitoring, pollution monitoring etc, which are non datacritical applications (data loss is acceptable to certain extent). But in data-critical, coverage critical defense applications like tactical surveillance, intruder detection, a slightest data loss also may not be accepted. In such cases, a dense deployment of nodes is required [28] - [31] . So, in UWSNs also, both sparse and dense node deployments are possible.
F. ACOUSTIC ENERGY DISSIPATION MODEL
Generation of acoustic wave takes place when compression and dilations have passed from one point to the other point by the propagation of mechanical perturbation. It is the elastic property of the propagation medium. Jurdak et al. [32] proposed the acoustic wave propagation model on the basis of data and formulae available in [23] , [33] 
where TL is the transmission loss and SL is the source level. All the parameters present in the equation (3) 
where α is the medium absorption coefficient which depends on the frequency, d is the distance between transmitter and receiver in meters. For a temperature range from 4 0 C to 20 0 C, the measured value of medium absorption in shallow seawater is given by [32] , [34] 
The required threshold value of α, indicated byᾱ, must be larger thanᾱ for getting better reception quality. But α is a monotonically decreasing function of frequency f . We consideredᾱ as α(f ) in the rest of this paper for the sake of easiness. The essential transmitter power P t to obtain intensity I t at a distance of 1 m is given as,
where I t is defined in term of SL by
Finally, P t will be represented by the equation. (6)
where Z ∼ = 2π(0.67)10 −9.5 , a (f ) ∼ = 0.001α(f )ln10, H is the water depth in meters. To transmit l bits over distance d, the dissipated transmission energy can be expressed as
and the receiver radio energy consumption can be expressed as
where, E T elect and E R elec is the energy consumed by the transmitter and receiver electronics to process the l bit data and T b is the bit duration in second.
III. PROPOSED WORK
In this section, we propose the energy dissipation model of sensor node which uses EM and FSO communication in underwater medium. Moreover, we have also derived analytical expression to find the optimal number of clusters in EM, FSO and acoustic wave based UWSNs. Finally, the proposed concept has been validated for Gaussian distributed UWSNs, where BS is positioned at different locations in the sensing field. 
A. DEVELOPMENT OF ENERGY DISSIPATION MODEL OF SENSOR NODES
In this subsection, considering FSO and EM wave based communication we derived an expression for energy dissipation of sensor node. Fig. 3 shows the integrated energy dissipation model of a sensor node based on acoustic, FSO and EM wave communication. 
1) OPTICAL WAVE COMMUNICATION
Underwater free space optics is an appropriate alternative for underwater wireless communication technology, especially for coastal, shallow and fresh water environments where, some of the problems related with acoustic communication can be overcome [35] , [36] . Two main factors that result in loss of optical power in underwater medium are absorption and scattering coefficient. For simple understanding of absorption and scattering coefficient, a geometrical model of elemental volume of water V with thickness r is shown in Fig. 4 . When a light beam of incident power (P i ) having a wavelength λ is sent in water, a small fraction of the incident light is absorbed by the water which is expressed as (P a ) and other fraction is scattered denoted by (P s ). The remaining light power P t is passed through the water unaffected. So on the basis of the concept of energy conservation it can be stated as [37] 
The absorbance (A) can be defined as the ratio of absorbed power to the incident power, scatterance (B) is the ratio of scattered power to the absorbed power [37] .
The absorption and scattering coefficients are obtained by taking thickness ( r) infinitesimally small [37] 
So, the overall attenuation in underwater can be expressed as a linear combination of absorption and scattering coefficients, which is given by beam attenuation coefficient α [37]
where a is related with the absorption of water and b models the scattering which depends both on the wavelength of light and turbidity. Table 2 illustrates the attenuation coefficients for four types of water: pure sea water, clean ocean water, coastal ocean water, and turbid harbor water at 520 nm wavelength. The optical propagation loss factor, L LF (λ, d) can be given as [37] 
where α(λ) is attenuation coefficient in (m −1 ), λ is the operating wavelength in nanometer (nm) and d is the distance between transmitter and receiver in meters. On the basis of attenuation coefficient, Beer-Lambert law introduces the simplest and most widely used scenario to describe the light attenuation effects in underwater environment [38] . The transmitted optical power loss in underwater can be expressed as an exponentially decaying function of path length d as [37] 
where P 0 is the power of the optical source in milliwatt (mW), P T is the transmitted power. So, to transmit l bits of data over a distance d, the transmitted energy consumption can be expressed as and the receiver energy consumption can be expressed as (19) where, E T elect and E R elec is the energy consumed by the transmitter and receiver electronics to process the l bit data, T is transmission time and P 0 is the power of the optical source in milliwatt (mW).
2) EM WAVE COMMUNICATION
EM waves can propagate in air at a propagation speed of 3×10 8 m/s, but in other media, the speed of the wave slightly decreases according to the characteristics of propagation medium [40] . Generally, EM waves are being used in air. But, in order to develop a realistic energy dissipation model for EM wave in the underwater environment, the underwater behaviour of EM wave must be discussed. The foremost property is conductivity. With an increase of conductivity of the medium, the transmitted signal experiences more attenuation [41] . The secondary properties are permeability and permittivity. Permeability is the capacity of the medium to store magnetic energy. Since water is nonmagnetic, the permeability of the water is same as that of free space, µ seawater = µ freespace . The relative permittivity is also called as the dielectric constant of the medium and it describes the capability of a medium to transmit an electric signal. The underwater propagation experiences ohmic losses due to relatively high conductivity of seawater. Channel model formulation for underwater is done by expressing the conductivity in terms of frequency dependent propagation constant. The complexvalued propagation constant k is given by [41] 
where, ε is the permittivity, µ is the permeability, and ω = 2πf is the angular frequency, σ is the conductivity of propagation medium, β is the attenuation coefficient and α is the phase constant. The characteristic impedance η of the medium is defined as
where σ ≥ 2π f ε and α = β √ π f µσ . Finally wavelength can be defined as
putting the value of β in equation (22), the approximate value of λ is
where f MHz is the frequency in MHz and the path loss equation for EM wave is ( 4πd λ ) 2 . By putting the value of λ in this, it shows that the path loss depends on both transmission distance as well as conductivity (σ = σ uw ) of the medium. The variation in the values of conductivity for different underwater media is shown in Table 4 . The energy dissipation model for underwater EM wave communication depends on both distance and conductivity. To transmit l bits over distance d, the transmitted energy consumption can be expressed as (25) and the receiver energy dissipation can be expressed as (26) where, σ uw is the conductivity of underwater medium, E T elect and E R elec is the energy consumed by the transmitter and receiver electronics to process the l bit data. In underwater environment, the amount of energy dissipated in transmitting and receiving the signal by acoustic, FSO and EM wave is summarized in Table 3 .
B. ANALYTICAL EXPRESSION FOR OPTIMAL NUMBER OF CLUSTERS OF ACOUSTIC, EM AND OPTICAL WAVE COMMUNICATION
To enhance the network lifetime total energy expenditure should be minimized and therefore, total energy consumption during a round (E round ) shown in Fig. 2 . In this subsection, an analytical expression for optimal number of clusters is derived with consideration of acoustic, EM and optical communication in UWSNs. In this paper, we assume M ×M a square sensing field with N number of sensor nodes. K denotes the number of clusters in the sensing field. If we assume same size and shape of clusters, then N K number of average nodes will be there in a particular cluster.
1) EXPRESSION FOR OPTIMAL NUMBER OF CLUSTERS USING ACOUSTIC WAVE
The energy dissipated in non-CH members during a single round is given as (27) where l is the number of bits transmitted from transmitter to receiver and d toCH is the distance between non-CHs to its CH. In case of acoustic signal up to a 15 KHz frequency, we can approximate the exponential term present in the equation (27) up to two terms. Now the Equation becomes
For the given area of M ×M and total number of cluster K , the mean square distances from a non-CH to its CH; for K = 1 and K >1 are 6K respectively. By putting this value, Equation (28) is modified as follows
Energy dissipated by the CHs during the single round is as given below (we assume that in each round there is one frame)
Hence, the total energy dissipated in the entire cluster during a single round will be equal to the sum of energies consumed by CH and non-CH.
So E round can be expressed as follows:
Taking the first and second partial derivative of E round with respect to K will provide the maximum or minimum value of K ,
For maxima or minima of the function E round
Since the second partial derivative of E round , is positive so it will be minimum. By equating
to zero, we get the optimal number of clusters (K opt ) Acoustic for acoustic communication
2) EXPRESSION FOR OPTIMAL NUMBER OF CLUSTERS USING OPTICAL WAVE
Energy dissipation model of sensor node using an optical communication can be expressed as
where l is the number of bits that are transmitted from transmitter to receiver, P 0 is the optical power, T is transmission time, α (λ) is attenuation coefficient and d toCH is the distance between non-CHs to CHs. In case of optical signal up to a 532 nm wavelength we can approximate the exponential term present in the Equation (35) up to two terms. So energy dissipated in non-CHs during a single round is given by
For the given area of M ×M and total number of cluster K , the mean square distances from a non-CH to its CH; for K = 1 and K >1 are 6K respectively. By putting this value, Equation (36) is modified as follows
Energy dissipated by the CHs during the single round is (we assume that in each round there is one frame):
Hence, the total energy dissipated in the entire cluster during a single round will be equal to the sum of energies consumed by CHs and non-CHs.
First and second partial derivative of E round with respect to K will provide the maximum or minimum value of K . Since
> 0 so it will be minimum and minimum value is obtained by putting
Finally we get the optimal number of clusters (K opt ) FSO for optical wave
3) EXPRESSION FOR OPTIMAL CLUSTERS USING EM WAVE
Energy dissipation model of sensor node using EM wave communication can be expressed as
where l is the number of bits that are transmitted from transmitter to receiver, amp is the amplifier energy, σ uw is the conductivity of water.
The energy dissipated in non-CHs during a single round.
Where d toCH is the distance between non-CHs to CHs.
For the given area of M ×M and total number of cluster K , the mean square distances from a non-CH to its CH; for K = 1 and K >1 are 6K respectively. By putting this value, equation (43) is modified as follows
Energy dissipated by the CH during the single round is (we assume that in each round there is one frame):
Finally we get the optimal number of clusters (K opt ) EM for EM wave 
C. ANALYTICAL MODEL FOR GAUSSIAN DISTRIBUTED UWSNs
In this model, we consider the sensing field as of squareshaped (side length = M). Due to central and axial symmetry, square shaped sensing fields are of special interest in most of the research projects [17] , [42] . Therefore, squared shapes are assumed for the sensing field to evaluate the optimal cluster size. In our model, we have varying locations of BS. We put the BS at the center, at a corner, and at the lateral mid point of VOLUME 5, 2017 the sensing field which is shown in Fig. 6 . In case when the BS is located at the center, the probability p that the distance between a randomly chosen point and the BS is less than y should be obtained [43] - [45] . The minimum and maximum value of angle γ are 0 and π 4 radian respectively, where
The PDF can be expressed as:
For simplicity takes σ y = σ .
1) WHEN BS IS AT THE CENTER OF THE SENSING FIELD a: CALCULATION OF EXPECTED VALUE OF d toBS
Let the dimensions of the sensing field are M ×M and assume that the BS is located at the center of the sensing field. Nodes in the sensing field follow the Gaussian distribution that can be shown in Fig. 5 . To evaluate the expected distance from the center to the overall area of the sensing field, we integrate yf (y) in the interval of [0,
. The values for all combinations of standard deviation of Gaussian distribution σ and mean distance a are shown in Table 7 . 
b: CALCULATION OF EXPECTED VALUE OF d 2 toBS
To evaluate the expected distance from the center to the overall area of the sensing field, we integrate
. The values for all combinations of standard deviation of Gaussian distribution σ and mean distance a are shown in Table 7 .
c: CALCULATION OF EXPECTED VALUE OF d 4 toBS
2) WHEN BS IS AT THE CORNER OF THE SENSING FIELD a: CALCULATION OF EXPECTED VALUE OF d toBS
Let the dimensions of the sensing field are M × M and assume that the BS is located at the corner of the sensing field. Nodes in the sensing field follow the Gaussian distribution. To evaluate the expected distance from the corner to the overall area of the sensing field, we integrate yf (y) in the interval of [0, M ] . The values for all combinations of standard deviation of Gaussian distribution σ and mean distance a are shown in Table 7 .
b: CALCULATION OF EXPECTED VALUE OF d 2 toBS
To evaluate the expected distance from the corner of the sensing field to the overall area of the sensing field, we integrate [17] , [37] , [46] .
The values for all combinations of standard deviation of Gaussian distribution σ and mean distance a are shown in Table 7 .
c: CALCULATION OF EXPECTED VALUE OF d 4 toBS
To evaluate the expected distance from the corner of the sensing field to the overall area of the sensing field, we integrate (x 2 + y 2 ) 2 f (y) in the interval of [0, M ] . The values for all combinations of standard deviation of Gaussian distribution σ and mean distance a are shown in Table 7 . VOLUME 5, 2017
3) WHEN BS IS AT THE LATERAL MIDPOINT (MIDPOINT OF ANY OF THE SIDES OF A SQUARE) OF THE SENSING FIELD a: CALCULATION OF EXPECTED VALUE OF d toBS
Let the dimensions of the sensing field are M ×M and assume that the BS is located at the lateral midpoint of the sensing field. Nodes in the sensing field follow the Gaussian distribution. To evaluate the expected distance from the lateral midpoint of the square to the overall area of the sensing field, we integrate (M y 2 + M 2 + y 2 arcsin( Table 7 .
b: CALCULATION OF EXPECTED VALUE OF d 2 toBS
To evaluate the expected distance from the lateral midpoint of the square to the overall area of the sensing field, we integrate
c: CALCULATION OF EXPECTED VALUE OF d 4 toBS
IV. RESULTS AND ANALYSIS
We derived a closed form mathematical expression to find the optimal number of clusters in acoustic, EM wave, FSO communication based underwater sensor networks. In this section, the performance of optimal clustering in all these sensor networks is analyzed. The optimal number of clusters depends on the factors like dimensions of sensing field M , number of sensor nodes (N ), distance between the node and BS (d toBS ), and energy consumption of the receiver circuitry (E R elect ). For simulation, we considered a square shaped sensing field, in which BS is located at three different positions. The simulation is performed using MATLAB. All the simulation parameters and their values are listed in Tables 5 and 8 respectively.
From Table 6 , it can be seen that the optimal number of clusters is independent of the transmitter electronics energy consumption. The size of the optimal cluster is expressed as ( 
A. OPTIMAL CLUSTERING IN UW-ASN
From the closed form expression for the optimal number of clusters; as shown in Table 6 , we can say that, in case of acoustic wave communication optimal number of cluster i.e. (K opt ) Acoustic is the function of
When the BS is at the center, with nodes varying from 50 to 300, from the plot of optimal number of clusters against number of nodes the optimal number of clusters vary from 2 to 5 which is shown in Fig. 7 . For the same above setting, as shown in Fig. 8, Fig. 9 , when the BS is located at the corner and at the lateral midpoint of the sensing field, the optimal number of clusters vary from 2 to 5 and from 2 to 7 respectively. For the above three BS configurations, the optimal energy consumed is found to be 6.7×10 −5 J , 4.1×10 −4 J , 1.8×10 −5 J , which is shown in Fig. 15(a) , Fig. 15(b), Fig. 15(c) respectively. The impact of DAR is shown in Fig. 12 , as per which the least energy required for optimal clustering for the DAR values of 1, 0.5, 0.1 is 2.5×10 −5 J , 4.2×10 −5 J , 6.5×10 −5 J respectively. It can be inferred that the energy consumption will be minimized when the BS is placed at the center of the sensing field.
From the Fig. 10 , the impact of attenuation coefficient for a frequency range of 1 to 50 KHz on acoustic wave can be analyzed in terms of total energy consumption and optimal number of clusters. Also, for a given attenuation coefficient, as the sensing field dimensions increase, the optimal number of clusters decreases. When there is a high attenuation of signal in the medium, it requires more optimal number of clusters. From Fig. 11 , it can be verified that the total energy consumption increases with an increase of the attenuation coefficient.
B. OPTIMAL CLUSTERING IN UW-FSOSN
Similar to the above study, the optimal clustering in underwater FSO communication depends on M , N , α(λ), P 0 , T , E elect , d toBS . For the same simulation setup, the optimal clusters vary from 4 to 10, 4 to 10, 3 to 8 for the center, corner and lateral midpoint locations of BS respectively. It is shown in Fig. 7, Fig. 8, Fig. 9 respectively. Further, the optimal energy consumed for these three different BS configurations is 5.9×10 −4 J , 2.5×10 −3 J , 2.2×10 −3 J as shown in Fig. 15(d), Fig. 15(e), Fig. 15(f) respectively. As shown in Fig. 13 , the optimal energy required for similar above DAR values is 2.2×10 −3 J , 6.5×10 −5 J , 11.5×10 −3 J respectively.
C. OPTIMAL CLUSTERING IN UW-EMSN
The optimal number of clusters in case of EM wave communication depends on K opt = f (M , N , σ uw , fs , E elect , d toBS ) .
Herein, for both EM two ray and EM direct communication, the optimal clustering behavior is observed to be the same. We considered the above identical simulation setup.
For EM direct communication, the optimal number of clusters vary respectively from 4 to 11, 3 to 8, 4 to 9 for center, corner and lateral midpoint locations of BS, which can be seen in Fig. 7, Fig. 8, Fig. 9 . The optimal energy required is 9×10 −5 J , 7×10 −4 J , 5×10 −4 J respectively as shown in Fig. 15(g), Fig. 15(h), Fig. 15(i) . The optimal energy For EM two ray communication, the optimal clusters are found to vary respectively from 4 to 10, 3 to 8, 5 to 12, which is shown in Fig. 7, Fig. 8, Fig. 9 . The optimal energy consumed is 1.1×10 −4 J , 1.2×10 −3 J , 1×10 −3 J , as shown in Fig. 15(j), Fig. 15(k), Fig. 15(l) respectively.
V. CONCLUSION AND FUTURE SCOPE
In this paper, we have investigated the analytical framework to determine the optimal number of clusters for Gaussian distributed underwater sensor networks. The analytical results are listed for different communication techniques like acoustic, optical and EM wave for three positions of BS that is when BS is at the center of sensing area, at one of the corners of sensing area and at the lateral midpoint of the sensing area. In addition, extensive simulations for different network configurations are performed to substantiate our study on the energy efficient cluster size. It has been observed that the analytical results are in-line with the simulation results. From the simulation, the following results can be inferred:
• For a Gaussian distributed UWSNs, with respect to the achievable minimum optimal number of clusters, acoustic waves outperforms EM and FSO communication techniques.
• For any kind of underwater application especially using clustering topology, acoustic communication requires less energy consumption.
• It is known that acoustic underwater communication is characterized by limited available bandwidth. Behavior of optimal clustering is not uniform in the entire bandwidth. At the lower bound of bandwidth, the best optimal number of clusters can be achieved.
• Optimal clustering is affected by the data aggregation ratio. For the perfect data aggregation ratio least optimal number of clusters are achieved.
As a future work, we would like to find the energy dissipation model for underwater Magnetic Induction (MI) communication [4] . Also, we would like to perform the analysis of optimal clustering using the above energy model. This work can be further extended by incorporating realistic sensing models [19] .
